The fiber surface wettability is one of the most important lignocellulosic fiber characteristics affecting the inter-fiber bonding properties of final bio-products. In this study, the surface wettability (evaluated by the surface free energy, surface lignin and surface charge) of mechanically refined fibers and the bonding properties of the fiber matrix (handsheets) were measured and correlated to each other. The results showed that the fiber surface charge increased from 48.38 mmol kg À1 to 60.38 mmol kg À1 and the surface lignin decreased from 87.1% to 77.5% during the fiber mechanical treatment, leading to the improvement of the fiber surface free energy from 46.63 mJ m À2 to 54.45 mJ m
Introduction
Lignocellulosic ber, being degradable and renewable, has been widely used in many areas, such as paper and paperboard products, 1 high-temperature ber composites 2 and so on. The ber surface wettability is thought to be essential for ber swelling, the ability of the ber volume to become larger during the wetting process, which is good for the interface contact of two bers so that the bonding properties could be improved. 3 Further, the ber surface wettability can have an inuence on the bonding strength between two bers in a ber network (paper and paperboard products) by affecting ber surface composition and functional groups. However, the lignocellulosic ber surface wettability has seldom been seriously taken into consideration.
Fiber surface wettability is dened as the ability for a kind of liquid to spread onto the ber surface, which is consisted of surface composites, surface charge, surface free energy and many other kinds of surface properties related to ber surface wetting process. 4 Lignocellulosic ber is composed of hydrophilic part (carbohydrates, including cellulose and hemicelluloses) and hydrophobic part (lignin and some of the extractives). During the separation from natural plants, bers were treated with different kinds of methods, either mechanical or chemical, mainly to compromise the relationship between lignin and carbohydrates so that the ber surface wettability could be improved.
The inter-ber bonding strength of the ber network, originating from the hydrogen bonding and the van der Waals' force, 5 is one of the most important characteristics inuencing the nal products. The inter-ber bonding, especially the hydrogen bonding, is largely dependent on the surface wettability. 6 The ber surface composition, including cellulose, hemicellulose, lignin and some extractives, has a strong inu-ence on the inter-ber bonding properties. 7 It has been proved that the lignin on the ber surface would have a bad effect on the inter-ber bonding because the lignin is hydrophobic compared to carbohydrates. However, the phenolic group associated with lignin is proved to be one of the resources of the ber surface charge, 8 which has a non-ignorable inuence on the inter-ber bonding strength. 9 The improvement of surface charge can increase the inter-ber bonding mainly by inu-encing the inter-ber hydrogen bonding according to Aracri et al. 10 Furthermore, the decrease of the surface lignin can also lead to the nal yield sacricing of the lignocellulosic bers. As a result, a large amount of studies have been done focusing on the modication of lignin instead of removing it, 11, 12 which can improve the wettability of the ber surface so that the inter-ber bonding could be enhanced. Fiber surface free energy and contact angle are always used as the evaluation of the ber surface wettability. 13 The ber surface free energy has a vital inuence on ber swelling, assistance, and inter-ber contact. However, there are very few literatures concerning about lignocellulosic ber surface free energy.
In this study, the lignin-rich ber will be subjected to mechanical rening in order to modify the ber surface wettability, and the ber surface lignin, surface charge and surface free energy would be determined respectively to evaluate the ber surface wettability. Also, the inter-ber bonding capability, as well as physical performances of handsheets, would be measured. The main objective of this study is to improve the bonding capability of ber matrix by improving the ber surface wettability. The relationship between ber surface wettability and the inter-ber bonding strength will also be investigated so that the nal product properties could be better adjusted without much sacrice of the energy and materials during the papermaking process.
Materials and methods

Materials
The pine thermo-mechanical pulp (TMP) ber, provided by a paper mill in Hebei province in China, was classied by using Bauer-McNett ber classier (TMI 8901-5, USA) into different ber fractions. The R30 ber fraction with the length of 2.4-2.6 mm and width of 40.1-40.5 mm was chosen as the raw material to be treated by mechanical rening. A PFI mill (Frank-PTI, Germany) was used with a ber consistency of 30%. The revolution for rening was 0 r, 5000 r, 10 000 r, 13 000 r and 15 000 r, respectively. Aer rening, the ber was classied and the R30 fraction was collected for further experiments.
Fiber surface wettability
The ber surface lignin content was analyzed by using a PHI-1600 X-ray photoelectron spectrometer (XPS), in accordance with Li and Reeve.
14
The ber surface charge was determined through polyelectrolyte adsorption method by using high molecular weight poly-DADMAC (2-3.5 Â 10 5 g mol À1 ), as reported by Zhang et al.
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The surface free energy of the ber was detected based on the contact angle measurement. 16 Two bers of a similar diameter were put in a parallel way onto a manmade slide. And the contact angle measurement of the bers was manufactured by putting a liquid drop onto the gap of 0.1-0.3 mm between them. Two kinds of liquids were applied in this study (water and glycerol).
The surface free energy was calculated according to eqn (1) and (2). A small dose of bers were suspended in distilled water in a concentration of 0.4%. Two drops of the suspension were dropped onto a mica sheet and air dried. Then the sample was xed onto the object stage of the AFM and imaged. The JSPM 5200 atomic force microscope (AFM) was used in this work. The tapping model was chosen and the elastic constant of the cantilevers was 3.2 N m
À1
. The cantilevers length and the radius of curvature of the probe were 450 mm and 5-10 mm, respectively. Ten samples were tested for each kind of bers and the two dimensional graphs were chosen as the nal images for the analysis of the ber surface.
2.3.3 "Water capacity". The water retention value (WRV) was determined by the centrifuge method as the expression of "water capacity". About 0.15 g of ber sample was suspended into 15 mL of distilled water and removed into a cylinder (with 100-mesh wire). The bers were then centrifuged at 2500 rpm for 20 min with the centrifuge (3-16PK, Sigma). The centrifuged bers were weighed before and aer over 12 h of drying at 105 C. The WRV was calculated by eqn (3).
2.3.4 Fiber exibility. The ber exibility was determined based on Steadman and Luner's study. 18 The bers were diluted into distilled water with a consistency of 0.01% and shaped onto a 200 mesh lter cloth with the TAPPI standard handsheet former (Lab Tech, Canada). And then the ber sheet was pressed with two slides with stainless steel wires (diameter, 35 mm) in advance using a standard handsheet press (no. 2571-1, KRK, Japan) for 5 min at 420 kPa with two press felts on each side. The slides were then removed from the cloth and air-dried for 8 h at room temperature. A light optical microscope with a CCD camera was then utilized for the imaging of the dried bers that are perpendicular to the wires. The ber images in accompany with the instrument were used for the measurement of the free span length (ber length not in contact with the slide) and the ber width. And the nal result was calculated through the eqn (4).
where F is the ber exibility; d is the deection height (wire diameter, 35 mm); q is the pressing load, N m
, based on the ber width (m) and the pressure; and L is the free span length (m).
2.3.5 The ATR-FTIR characterization. The ber surface groups were characterized by Attenuated Total Reection Flourier transformed Infrared Spectroscopy (ATR-FTIR) 920 in 25 C and 65% RH. The measurement was performed by a ceramic infrared light source in a scanning speed of 2 mm S À1 .
For each sample, the range chosen was from 4000 to 600 cm
with a resolution of 1 cm À1 .
Physical properties and inter-ber bonding capability
The bers were then made into handsheets according to the TAPPI Test Method T205 sp-95 for the determination of physical properties. The tensile strength was tested with a tensile tester (L&W 004, Sweden), and the zero-span tensile strength was detected by a Z-span tester (PULMAC 2400, USA), based on the TAPPI Method T220 sp-96. The bonding strength index (B) was calculated by eqn (5).
where T is the tensile index (N m g À1 ), Z is the zero-span tensile index (N m g À1 ), B is the bonding strength index (N m g À1 ).
Relative bonded area (RBA) detection
The RBA between bers were detected through the BET adsorption method according to Soszynski's study. 20 The specic surface area of the ber and the handsheet were tested using the BET method and the RBA was calculated by eqn (6) .
where A 0 is the specic surface area of the free ber (m 2 g À1 ), A is the specic surface area of the handsheet (m 2 g À1 ).
Results and discusion
Lignocellulosic ber, a cylinder-shaped material as shown in the SEM image in Fig. 1 , is a kind of a "water battery", where, the "hydrolyte solution" (a solution of surface composition and surface functional groups) plays a major role in the wetting process of ber surface (in Fig. 1 ). The "water capacity" is used for the evaluation of bound water the lignocellulosic ber could adsorb and maintain, which strongly contributes to the ber swelling and exibility. The ber surface wettability, including surface constituents, surface charge, surface free energy and so on, could be seen as a switch accommodating the "water capacity" by getting the ber "water charged" with different kinds of hydrophilic groups, which further increase the hydrogen bonding between bers. The process could be expressed by surface contact angle and surface free energy.
Surface lignin and surface wettability
The ber surface composition is the main solute of the "hydrolyte solution". Fiber surface wettability is mainly dominated by the surface composition, including the hydrophilic carbohydrates and hydrophobic lignin. It's known that there're large amounts of hydroxyl and carboxyl groups in cellulose and hemicellulose structures, 21, 22 which makes carbohydrates hydrophilic. By contrast, lignin, with a considerable quantity of benzene structures, is more hydrophobic than carbohydrates and the ber wettability is restricted by surface lignin to a great extent. However, thanks to its structure, lignin has a large rigidity and is known as the support of the lignocellulosic ber, spacing among other kinds of compositions, which contributes to the high bulk of paper or paperboard products made from lignin-rich bers. The amount of the surface lignin during the rening process is shown in Table 1 .
It can be seen in Table 1 that the surface lignin decreased from 87.1% to 77.5% with the increase of the PFI revolutions. That may be caused by the peeling effect of the rening process.
5, 23 The decrease of the surface lignin will lead to a better explosion of carbohydrates, resulting in a more hydrophilic surface and larger surface wettability. In addition, the decrease of surface lignin may have a positive effect on the inter-ber bonding because of the improvement of the ber soness and swelling. However, the phenolic groups associated with lignin are one of the resources of the ber surface charge. Fig. 1 Schematic diagram for the "water-charged" degree of lignocellulosic fiber (water battery) switched by the fiber surface wettability. 
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As a result, the surface charge might be negatively inuenced by the decrease of surface lignin.
Surface charge and surface wettability
Fibers are charged when suspended into water because of their anionic groups from different kinds of surface compositions, such as carboxyl groups. Fiber charge includes surface charge and total charge. The total charge consists of surface and inner charge. 20 The surface charge is one of the most important parameters for ber, especially for its swelling, bonding and the properties of the nal products. The surface charge is mainly caused by the anionic groups on ber surface, 24 including the carboxyl groups from hemicellulose and phenolic groups associated with lignin and many other kinds of functional groups. These functional groups existing in the "hydrolyte solution" are the major ingredients to retain water molecules. The comparison of the polarity of some different kinds of functional groups is listed in Table 2 .
The surface charge of the treated bers was shown in Table  3 . It can be seen in Table 3 that during the mechanical treatment, the surface charge increased from 48.38 mmol kg À1 to 60.38 mmol kg
À1
. That might be caused by the increase of the ber specic surface area, which was due to the ber brilla-tion. 25 Further, the increase of the specic surface area can also result in the increase of the accessibility of the polyelectrolyte during the surface charge determination. Moreover, the decrease of the surface lignin could improve the exposure of the carbohydrates on the ber surface so that many other anionic groups on the carbohydrates would be exposed, which may have a positive effect on the increase of the surface charge. As shown in Table 2 , carboxyl groups have a higher polarity compared with many other functional groups, which can better constrain the water 26 and increase the ber surface wettability. Further, the ber surface functional groups and surface charge may be good for the inter-ber bonding strength by inuencing the inter-ber bonding force, especially the hydrogen bonding strength.
Surface free energy and surface wettability
The surface contact angle and surface free energy of different kinds of mechanically treated bers were listed in Table 4 , which was calculated based on the eqn (2). Table 4 shows that the ber surface free energy has an enhancement of nearly 10 mJ m À2 with the PFI revolutions ranging from 0 r to 15 000 r, indicating the increase of the surface wettability. That increase may be caused by the improvement of the surface charge and the decrease of the surface lignin, which can have a positive effect on the surface wettability since lignin is more hydrophobic than carbohydrates. 27 The increase of surface charge is mainly caused by the brillation of the bers, which exposes more carbohydrates, 28 leading to the improvement of ber surface wettability.
Surface wettability and the inter-ber bonding properties
Fiber surface wettability has a strong inuence on the inter-ber bonding strength. The inter-ber bonding strength has been conducted by Page as bonding strength index (B), which is decided by a group of parameters. The calculation of B is shown in eqn (7).
where P is the ber perimeter (m), l is the ber length (m), b is the ber-ber bonding strength (N m À2 ), g is the gravitational constant (9.8 m s
À2
), C is the ber coarseness (g m À1 ).
According to eqn (7), when the bers are xed, the inter-ber bonding strength mainly lies on the RBA and the b of two bers.
3.4.1 Fiber surface wettability and inter-ber relative bonded area (RBA). The RBA of two bers is decided by the mechanical properties of bers, such as the ber specic surface area, 29 ber exibility, 30 WRV and so on. Fibers with a good exibility and WRV could have more chances to contact with each other, meaning that the inter-ber bonding area would increase. Similar results have been found in the study of Li et al. 18 Furthermore, the WRV of the bers and the bonding area had a positive correlation with each other, which has been in association with Tao et al.
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The ber exibility is the ber deection of unit length under unit load. 32 During the papermaking process, the ber deection will make the bers bond more tightly and both the RBA and the hydrogen bonding between two bers will increase.
33 Improving the ber WRV makes for the ber swelling, which is also good for the ber exibility increasing. The relationships between ber surface wettability and the ber exibility and the WRV are shown in Fig. 2 . Fig. 2 ). The increase of WRV was due to the fact that the ber surface became more hydrophilic during the mechanical treatment in accordance with the improvement of the surface free energy. The decrease of surface lignin could lead to the explosion of carbohydrates, which are much more hydrophilic so that the surface wettability increased to an extent. 33 The improvement of the pore size and surface charge during the rening process also led to the WRV increase 34 by facilitating ber swelling. The ber surface charge mainly comes from the functional groups on the ber surface, Fig. 2 Relationship between fiber surface wettability and WRV and fiber flexibility. Fig. 3 (a) The relationship between RBA and the surface wettability (insert: the sketch of fiber flexibility and RBA improvement during the mechanical PFI modification); (b) the AFM graphs of fiber surface lignin (0#: mechanical PFI revolution of 0 r; 2#: mechanical PFI revolution of 10 000 r).
such as the carboxyl groups, which are hydrophilic with a high polarity as seen in Table 2 and can strengthen the ber swelling ability.
In addition, ber swelling can also promote the ber exi-bility since swelled ber is much soer than before. During the surface free energy increasing, the ber swelling could happen more easily, which increased the exibility of the bers. 35 Lignin is one of the most important factors restricting the ber exi-bility with a stiff structure. 36 The inter-ber bonding strength is limited accordingly. It's reported 8 that the surface lignin of TMP bers accounted for over 25-35% of the total lignin, indicating that the surface lignin plays an especially important role in the ber exibility. As a result, the decrease of surface lignin could be benecial for the ber exibility increase.
Above all, it can be concluded that the ber surface wettability could contribute to the improvement of the RBA between two bers, which can be seen more clearly in Fig. 3 .
It's obvious in Fig. 3(a) that the RBA rose from 62.69% to 77.08% with the improvement of both the surface charge and free energy. As discussed before, when the ber surface charge and surface free energy increased, the ber became more exible and more easily wetted, which gained a tighter interber bonding during the papermaking process. This can also be seen in Fig. 3(a) . In Fig. 3(b) , the lignin fragment changed into smaller ones during the mechanical treatment, which exposed more carbohydrates with more anionic groups, whose high polarity facilitated the inter-ber bonding. In addition, it could be seen in Fig. 3(b) that the ber surface roughness increased aer the mechanical treatment, which was caused by the fragmentation of lignin structure and the explosion of micro brils. 37 This means that the ber specic surface area enlarged 38 so that there were more chances for bers to contact with each other. It can be concluded that ber surface wettability is a group of valuable characteristics in adjusting the ber contact area of the nal products.
3.4.2 Fiber surface wettability and inter-ber bonding strength (b). It's reported 39 that the inter-ber bonding strength is related to the specic bonding strength (b), which means the strength and the amount of the hydrogen bonding for each two bonding bers. The b is mainly supported by the hydrogen bonding between two bers, which is based on the hydrophilic groups on the ber surface. Reasonably, the surface groups of the treated bers were analyzed by FTIR and shown in Fig. 4 .
According to Fig. 4 , the difference among ve kinds of bers is mainly the difference of the group consistency. The band at around 3422 cm À1 that changed most during the rening process is proved to be the hydroxyl groups, 40 which can form more hydrogen bonds between bers. This might be due to the explosion of the carbohydrates during the rening process, which has a peeling effect on the ber surface lignin. 41 Furthermore, it has been discussed before that the explosion of the surface carbohydrates, especially the hemicellulose, could also induce the increase of the surface carboxyl groups. Hydrogen bonds can also be formed between carboxyl and hydroxyl (or carboxyl) groups. 42, 43 The relationship between ber surface wettability and b is shown in Fig. 5 .
It could be seen in Fig. 5 that the b rose from 7.5 N m À2 to 11.3 N m À2 with the improvement of both the surface charge and surface free energy. The improvement of the surface charge contributes to the hydrogen bonding between bers own to the increase of surface functional groups such as hydroxyl groups and carboxyl groups. The increase of the surface free energy implies the increase of the surface hydrophilic groups, the main components of the hydrogen bonding between bers. The increase of b with the improvement of surface charge and free energy points out that the surface wettability has a positive effect on the inter-ber bonding of the nal products.
3.4.3 Fiber surface wettability and bonding strength index (B) and bulk. The relationship between ber surface wettability and bonding strength index (B) and bulk is shown in Fig. 6 .
It could be seen in Fig. 6(a) a better inter bonding through the mechanical treatment mainly by increasing the ber exibility and specic surface area, 26, 28, 44 which is mainly caused by the decrease of the surface lignin. Also, the relationship between the bonding strength index and the surface charge shows a similar result in Fig. 6(b) . It's been conrmed that the improvement of the surface charge had a positive effect on the forming of the hydrogen bonding between bers so that the bonding strength increased.
It's well-known that the bonding strength and the bulk are always a pair of contradiction, hard to compromise. However, in Fig. 6 , the bulk only decreased a small deal (from 4.95 cm 3 g À1 to 3.56 cm 3 g
À1
) when the bonding strength index was increasing. This is because that most of the lignin was still retained in the bers, which makes the ber network hard enough and difficult to be squashed. 45 Above all, the improvement of the surface wettability can be useful for the balance between the bonding strength and the bulk of paper or paperboard products using lignin-rich lignin as raw materials.
Conclusion
Fiber surface wettability properties are vital for the inter-ber bonding capability. During the mechanical treatment, the surface lignin decreased from 87.1% to 77.5%, so that the surface wettability was dramatically improved, including the surface charge increasing from 48. 38 Owing to the improvement of surface wettability, the ber became more easily swelled and soen with more hydrophilic functional groups on the ber surface, enhancing the RBA (from 125.53% to 130.12%) and b (from 7.5 N m À2 to 11.3 N m À2 ). However, the bulk of the lignin-rich ber network decreased with the increase of the strength properties, which is not so obvious (from 4.95 cm 3 g À1 to 3.56 cm 3 g
À1
) with the increase of the surface wettability. It could be concluded that the modication of the surface wettability had a good effect on compromising the contradiction between the strength properties and the bulk property of the resulting products. Above all, with a good knowledge of surface wettability, both adjustably and measurably, the inter-ber bonding strength can be positively changed and so can the bonding abilities between bers and other materials.
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